Abstract--The use of power converter is becom nowadays to maximize the power extraction fro interfacing the wind generator with the powe plays an important role for interconnecting t utility grid. Although several researchers desig based inverters, it has been still lacking in consisted and systematic design methodology th space mathematical models for delta and capacitors, considering grounding options and mitigation. This paper discusses a comprehen output LCL filter for the grid-interconnected small scale wind energy conversion system, industrial point of view. The proposed design also be used in medium and large scale grid co photovoltaic systems. This paper has practica describing all the procedural methodology and design LCL filters supported by an in-depth sim
D ming very popular om wind as well as er grid. LCL filter the inverter to the gned LCL filtering n the literature a hat considers stated wye connected related harmonics nsive design of the d inverters used in with a practical n methodology can onnected wind and al applicability by analysis in how to mulation study. power quality; levels of primary ributed generation y implemented as y demand, during the depletions of al concerns and w interests and tions [1] , [2] . ration of heat and businesses and as alternatives or connected power. al considerations, istance from the d currently for aspire to zero or power is the name apacity to produce communities, that , may use wind y purchase these pendence on grid duce their carbon d for household ttery storage over Grid-connected domestic wind energy source, thus displacing p locally produced power when avai produced by domestic microge jurisdictions, be fed into the netwo company, producing a retail credit owners to offset their energy costs can either adapt to intermittent photovoltaic or diesel systems to sup Equipment such as parking meter street lighting, or wireless Internet g by a small wind turbine, poss photovoltaic system, that charges a s need for a connection to the power g In 2011 the U.S. small wind indu domestic sales and exports were increase over 2010. Total U.S. cu imports) reached 198 MW, represe installed in the United States in 201 wind market declined by 26 percent, capacity (representing 7,303 turbin installed system revenue. The t cumulative capacity is shown on Fi poor economy and inconsistent in declined by 17 percent, with u percent [6] .
In general, the industry expects 2012 sales as the economy improves are refreshed and certified turbin certification programs progress. 978-1-4673-1130-4/12/$31.00 ©2012 IEEE 178,000 metrictons of carbon dioxide (equiv 31,000 cars from service) [6] .
For making purpose of small, medium, or turbines, grid code is an important issue to be codes of wind turbine vary from country to co are many countries yet to be developed Therefore, wind turbine manufacturers fac need to come up with a moderate approach to standards which suit to all regions. As a resul has vital importance for the grid connection generator systems in order to mitigate harmon At the present, variable speed wind t systems hold the major market share. Today turbines use direct driven permanent magn asynchronous generators [5] . Direct d reluctance generator will also be popular in For the small variable speed wind turbines, single-phase grid-connected voltage source needed to interface between the output of generator and electric power grid. Since t system can only follow the voltage of the grid interconnection standards [7] , its power depends on inverter output current. To interconnections standards, the current c connected VSIs output filter play important grid with high quality power [8] .
Voltage source inverters (VSI) are almost for the energy transfer and utilization from a utility grid in our case. In order to interface the power grid, it is necessary to have a f current-like feedback control and reduce h injected output current. A series inductor can filter, but it highly depends on switching harmonic attenuation levels, causing high v the grid frequency along bulky components [9 The LCL filter is a good alternative to attenuation and cost reduction, in addition to and size. Since a high order LCL filter has used in place of the conventional L-filter smoothing of output currents from a VSI [9] observed that there is a gap in the analysis LCL filters for a systematic design methodo is a core requirement for grid-connected inv width modulated active rectifiers [9] [10] [11] [12] [13] , m ability to minimize the amount of current d into the utility grid [14] . The higher harmon the LCL filter allows the use of lower switchi alent to removing r large scale wind e considered. Grid ountries and there d the grid code. ce difficulty and o comply with the lt, filter designing n of wind turbine nics. turbine generator y most small wind net generators or driven switched n near future [6] . a three-phase or e inverter(VSI) is f a wind turbine the wind turbine d a as required by quality mainly meet the IEEE control of gridrole in feeding a t exclusively used DC source to the power sources to filter to impose a harmonics of the n be used as such g frequency and voltage drop over 9]. Source achieve a higher improved weight s commonly been to give a better , [10] , it has been and evaluation of logy [11] , [12] . It verters and pulsemainly due to its distortion injected nic attenuation of ing frequencies to meet harmonic as defined by stand 1992 and IEEE-1547 [15] , [7] ). G obtained in the range of power leve still using quite small values of indu In order to design a good LCL filt appropriate mathematical model of t output filter model, filter design p damping design will be systematical A lot of work has been done rega and their application [1] , [2] . The aim comprehensive analysis and modelin filter for transformerless inverter application with respect to the groun topologies of the three-phase full-br is one of the simplest and most wid are compared: with wye connect damping resistors, the second on capacitors and resistors.
II. SYSTEM MO

A. Per Phase Model
The LCL filter per-phase model ‫ܮ‬ ଵ is the inverter side inductor, ‫ܮ‬ ଶ is is the capacitor of LCL filter and ܴ ܴ is the grid resistance.ܸ andܸ are of inverter bridge. 
B. Wye Connected Capacitors
The LCL filter state space mo capacitors is derived from per phase with the assumption that the dampin
dards such as, IEEE-519-Good performance can be els up to hundreds of kW, uctors and capacitors [13] . ter it is necessary to have the filter. In this paper, the procedure and the passive ly discussed. arding small wind turbines m of this paper is to offer a ng of the three-phase LCL suitable for wind energy nding relevant issues. Two ridge dc/ac inverter, which dely used topology of VSI ted filter capacitors and ne delta connected filter ODELING is shown in Fig. 3 where s the grid side inductor, ‫ܥ‬ ܴ is the damping resistor, input and output voltages
Phase Model inverter output current, espectively. There are two which will be discussed in odel with wye connected e model as shown on Fig.3 g resistance ሺܴ ) is zero. where
C. Delta Connected Capacitors
apacitors can be e circuit of Fig.4 . 6) and (7).
Capacitors und the capacitor, by (8)- (10) for damped filter:
The bode plots of LCL filter wit described in Section III are shown in
III. FILTER DESIGN
A. Step By Step Design
Important constraints must be tak design of LCL filters, such as c switching ripple attenuation. The seen by the grid because of the capac that could lead to unstable operation passive or active damping is prop resistor in series with capacitor o design [9] . Here will be used only pa The LCL filter is more efficient t because the latter has only attenuatio the range of frequency [9] [10] [11] [12] [13] , [16] of inverter must be high enough fo high current harmonics. The higher there are more losses. LC filters suffer from variability of resonance frequency over time like the grid inductance; therefore it is not appropriate for a weak grid [17] . In this study, the filter design approach has been explained step-by-step and if correctly damped, it is possible to avoid resonance problems passively [10] or actively [13] . The procedure for choosing the LCL filter parameters requires the power rating of the converter, the grid frequency and the switching frequency as inputs. Algorithm of LCL filter design is shown in Fig. 4 , each step of which will be described in following sections and will be supported by filter design example. The base impedance and base capacitance are defined by (14) and (15) . Thus, the filter values will be referred in Ψ of the base values:
For the design of the filter capacitance, it is considered that the maximum power factor variation seen by the grid is 5%, as it is multiplied by the value of base impedance of the system: ‫ܥ‬ ൌ ͲǤͲͷ‫ܥ‬ It is important to notice that factors higher than 5% can be used, since they will compensate the inductive reactance of the inductors on the filter and therefore the influence at the power factor of the system will be lesser than expected. The maximum current ripple at the output of DC/AC inverter is [18] :
where, ݉ -modulation factor. It can be observed that maximum peak to peak current ripple happens at ݉ ൌ ͲǤͷ, then
where‫ܮ‬ ଵ is inverter side inductor. A ͳͲΨ ripple of the rated current for the design parameters is given by:
where
The main objective of the LCL filter design is in fact to reduce the expected 10% current ripple limit to 20% of its own value, resulting in a ripple value of 2% of the output current [10] , [15] . In order to calculate the ripple reduction, the LCL filter equivalent circuit is firstly analyzed considering the inverter as a current source for each harmonic frequency Fig.3 .
Equations (21) and (22) give the relation between the harmonic current generated by the inverter and the once injected in the grid:
where, ݇ is desired attenuation. ‫ܥ‬ ൌ ͲǤͲͳ ൊ ͲǤͲͷ‫ܥ‬ The constant is defined as the relation between the inductance at the inverter side and the one at the grid side:
Plotting for different ‫ݎ‬ one can evaluate the transfer function of the filter at a particular resonant frequency that depends on the nominal grid impedance [14] . A resistor in series ሺܴ ) with the capacitor attenuates part of the ripple on the switching frequency in order to avoid the resonance. The value of this resistor should be one third of the impedance of the filter capacitor at the resonant frequency [19] and the resistor in series with the filter capacitance is given by (26).
It is necessary to check resonant frequency to satisfy (25). If it does not, the parameters should be re-chosen.
B. Delta or Wye Configuraiton
After defining all parameters for LCL filter two configuration are possible for implementation. Parameters defined in Section A are valid for wye capacitors connection, however using simple and well known wye delta transformation for balanced system wye configuration can be transformed to delta:
It's obvious from (28), that for delta configuration size of capacitor should be three times smaller than for wye configuration and vice versa for damping resistance:
It is common practice to ground neutral, or central point of wye connection [20] . In most cases, this grounding is required by the U.S. National Electric Code (NFPA-70). By grounding a wye system, the voltages to ground are stabilized and controlled. This makes system much less susceptible to impulses, and faults that cause high voltages to ground. In case of delta configuration there are no questions and problems with grounding. That's why author's propose delta connection as more convenient and less questionable way to get same good performance of LCL filter.
IV. FILTER DESIGN EXAMPLE
A step by step procedure to obtain parameters of the filter with wye configuration considering the following given data, needed for the filter design: ‫ܧ‬ ൌ ͳʹͲξ͵ ܸ -line to line RMS voltage, ܲ ൌ ܲ ൌ ͷ ܹ݇-rated active power, ܸ ൌ ͶͲͲ ܸ-DC bus voltage,ɘ ୬ ൌ ʹߨͲ-grid frequency, ߱ ௦௪ ൌ ‫ݖܪ݇‪ͳͷ‬‬ -switching frequency, ‫ݔ‬ ൌ ͲǤͲͷ -maximum power factor variation seen by the grid, ݇ ൌ ͲǤʹ(20%) -attenuation factor is done. Therefore, the base impedance and the base capacitance are ܼ ൌ ͺǤͶπ , ‫ܥ‬ ൌ ͵Ͳߤ‫ܨ‬ respectively (parameters are shown in Table I ). 1. Using 10% allowed ripple equation (17) gives inductance ‫ܮ‬ ଵ ൌ ʹǤʹ͵݉‫ܪ‬ 2. Maximum capacitor value is ͳǤ͵ߤ‫ܨ‬ to be in limit of 5% of the base value ‫ܥ‬ . After rounding to closest possible value ‫ܥ‬ ൌ ͳͷߤ‫.ܨ‬ 3. Setting desired attenuation ݇ ൌ ʹͲΨ and using (22) ‫ܮ‬ ଶ is calculated to be ͲǤͲͶͷ݉‫ܪ‬ 4. Putting all calculated parameters from (1)- (3) to (23) gives ݂ ௦ ൌ ͶͷͲ݇‫ݖܪ‬ which is meets condition from (24) 5. Equation (25) gives value of damping resistance ܴ ൌ ͲǤͷͷπ 6. Inductors parameters are defined using the software available on web site of Magnetics ® Company and presented in Table II . 
V. SIMULATION RESULTS AND ANALYSIS
A. System Modeling For the sake of simplicity the wind generator dynamics including generator side converter are ignored assuming the DC-link voltage is constant as focus is given on the grid side dynamics. The model has been built using Matlab ® and Simulink ® Power System ToolBox environment as shown in Fig.7 . Sampling time and simulation step size is 0.5 ‫ݏߤ‬ , sampling time for the control system is ‫.ݏߤ05‬ Fig.8 shows a schematic diagram of a current-controlled real-/reactive-power controller, illustrating that the control in performed in ‫ݍ݀‬ -frame. Thus active and reactive power controlled by the line current components ݅ ௗ and ݅ . The feedback and feed-forward signals are first transformed to the ‫ݍ݀‬ -frame and then processed by compensators to produce the control signals in ݀‫-ݍ‬frame. The active and reactive powers are calculated using measurements at the PCC and their values are compared with set-points. Then PI-based controllers decide the reference ݀ and ‫ݍ‬ components of the reference current. Finally, the control signals are transformed to the ܾܽܿ-frame and fed to VSI. To protect the VSI, the reference commands ݅ ௗ and ݅ are limited by the corresponding saturation blocks (not shown in Fig.8) 
B. System Perfomance and Power Quality
As it can be seen from Fig. 9 and configurations have very good performance. Table III for injecting power to the grid un factor condition. In order to address some diffic related to the integration of mic inverter-based generation systems i and control, this paper discussed a end inverter with LCL filter. The pa the LCL filter has been proposed connected inverter system used in generator system. The LCL filter us frequency ripple has been analyzed. should be made carefully due to th issues. Therefore, a comprehensi procedure for the LCL filter has be and dynamics of the overall system found that the design meets the indu THD within the given range. The RESULTS a Wye % 1.42% % 0.93% % 0.45% defined by [15] , [7] . USION ulties from wind industry ro and small-scale wind in terms of power quality detailed analysis of front arameter-design method of d for a three-phase gridsmall scale wind turbine ed to reduce the switching . The design of LCL filter he resonance and stability ive and detailed design een provided and stability m have been studied. It is ustry standards keeping the given design approach of
